REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  NO.  0704-0188 


Public  Reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching 
existing  data  sources,  gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comment  regarding  this  burden 
estimates  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for 
information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204.  Arlington,  VA  22202-4302,  and  to  the  Office  of  Management  and  Budget,  Paperwork 


Reduction  Project  (0704-0188,)  Washington,  DC  zU5Ud 
1.  AGENCY  USE  ONLY  (  Leave  Blank) 

2.  REPORT  DATE 

Nov.  20,  2000 

3.  REPORT  TYPE  AND  DATES  COVERED 

Final  Progress  Report  7/95-6/98 

4.  TITLE  AND  SUBTITLE 

Etching  Chemistry  Of  lll-V  Semiconductors  and  the  Development  of  Surface 
Roughness 

5.  FUNDING  NUMBERS 

DAAH04-95-1-0290 

6.  AUTHOR(S) 

Jory  A.  Yarmoff 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Department  of  Physics 

University  of  Calfomia,  Riverside 

Riverside,  CA  92521 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

U.  S.  Army  Research  Office 

P.O.  Box  12211 

Research  Triangle  Park,  NC  27709-2211 

10.  SPONSORING /MONITORING 

AGENCY  REPORT  NUMBER 

AP,0  34-300.  l-PP-AAS 

11.  SUPPLEMENTARY  NOTES 

The  views,  opinions  and/or  findings  contained  in  this  report  are  thos 
construed  as  an  official  Department  of  the  Army  position,  policy  or  decis 
documentation. 

e  of  the  author(s)  and  should  not  be 
ion,  unless  so  designated  by  other 

12  a.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited. 

12  b.  DISTRIBUTION  CODE 

13.  ABSTRACT  (Maximum  200  words) 


This  research  addressed  the  need  for  baisc  information  concerning  halogen  etching  of  lll-V  semiconductors.  The  reactions 
of  halogens  with  semiconductor  surfaces  are  the  fundamental  chemical  interactions  in  processes  employed  for  device  manufacture. 
In  this  work,  the  reactions  of  XeF2,  CI2  and  12  with  lll-V  semiconductor  surfaces  were  investigated  with  synchrotron-based  soft  x-ray 
photoeiectron  spectroscopy,  low  energy  electron  diffraction  and  scanning  tunneling  microscopy.  Fluorine  reaction  grows  films  of 
group  III  fluorides,  which  can  be  used  as  dielectric  materials.  Chlorine  is  the  most  widely  used  halogen  for  dry  etching,  while  iodine 
has  been  proposed  for  use  as  a  “gentle”  etchant.  We  found  that,  for  all  of  the  halogen  reactions,  the  initial  adsorption  depends  on 
the  surface  reconstruction,  stoichiometry  and  condition.  Some  surfaces  passivate,  while  others  spontaneously  etch  at  room 
temperature.  The  passivated  surfaces  are  well-ordered  and  covered  with  approximately  one  monolayer  of  adsorbed  halogen. 

The  etched  surfaces,  on  the  other  and,  are  considerably  rough  and  atomically  disordered.  A  microscopic  model  is  proposed  which 
assumes  that  halogen  atoms  preferentially  adsorb  onto  a  group  III  atom  if  the  surface  is  initially  well-ordered.  Further  reaction 
depends  on  the  ability  of  higher  halides  to  form  on  the  surface.  This  microscopic  model  can  explain  why  certain  surfaces  etch, 
while  others  form  ordered  overlayers. 


14.  SUBJECT  TERMS 

lll-V  semiconductors,  etching,  surface  chemistry,  halogens,  gallium  arsenide,  dry  processing 

15.  NUMBER  OF  PAGES 

4 

16.  PRICE  CODE 

17.  SECURITY 

18.  SECURITY 

19.  SECURITY 

20.  LIMITATION  OF 

CLASSIFICATION 

CLASSIFICATION 

CLASSIFICATION 

ABSTRACT 

OR  REPORT 

ON  THIS  PAGE 

OF  ABSTRACT 

UNCLASSIFIED 

UNCLASSIFIED 

UNCLASSIFIED 

UL 

NSN  7540-01-280-5500  Standard  Form  298 


(Rev.2-89) 

Prescribed  by  ANSI  Std.  239-18 


298-102 


MASTER  COPY:  PLEASE  KEEP  THIS  "MEMORANDUM  OF  TRANSMITTAL"  BLANK  FOR  REPRODUCTION 
PURPOSES.  WHEN  REPORTS  ARE  GENERATED  UNDER  THE  ARO  SPONSORSHIP,  FORWARD  A  COMPLETED  COPY 
OF  THIS  FORM  WITH  EACH  REPORT  SHIPMENT  TO  THE  ARO.  THIS  WILL  ASSURE  PROPER  IDENTIFICATION.  NQI 
TO  BE  USED  FOR  INTERIM  PROGRESS  REPORTS:  SEE  PAGE  2  FOR  INTERIM  PROGRESS  REPORT  INSTRUCTIONS. 


MEMORANDUM  OF  TRANSMITTAL 


U.S.  Army  Research  Office 
ATTN:  AMSRL-RO-RI  (Hall) 

P.O.  Box  12211 

Research  Triangle  Park,  NC  27709-2211 


I  |  Reprint  (Orig  +  2  copies)  LH  Technical  Report  (Orig  +  2  copies) 

□  Manuscript  (1  copy)  £3  Final  Progress  Report  (Orig  +  2  copies) 

I  I  Related  Materials,  Abstracts,  Theses  ( 1  copy) 
CONTRACT/GRANT  NUMBER:  34306-PH-AAS 

REPORT  TITLE:  Etching  Chemistry  Of  III-V  Semiconductors  and  the  Development  of  Surface  Roughness 
is  forwarded  for  your  information. 

SUBMITTED  FOR  PUBLICATION  TO  (applicable  only  if  report  is  manuscript): 


Sincerely, 

Jory  A.  Yarmoff 


FINAL  TECHNICAL  REPORT 


A.  STATEMENT  OF  THE  PROBLEM  STUDIED 

This  research  addressed  the  need  for  fundamental  information  concerning  halogen  etching  of  ni-V 
semiconductors.  The  chemical  reaction  of  atomic  and  molecular  halogens  with  semiconductor 
surfaces  is  the  major  component  of  most  dry  processes  employed  for  device  manufacture. 
Processes  such  as  reactive  ion  etching  and  chemical  vapor  deposition  are  most  often  optimized  by 
empirically  balancing  requirements  for  smooth  surfaces  and  high  etch  rates,  with  little  knowledge  of 
the  surface  chemistry  on  the  microscopic  scale.  By  providing  a  fundamental  understanding  of  the 
relevant  surface  chemistry,  it  will  be  possible  to  optimize  current  processes  and  to  design  new  ones 
in  a  more  efficient  manner.  The  information  obtained  from  this  research  is  also  critical  for  the 
development  of  new  types  of  processes,  such  as  atomic  layer  epitaxy  (ALE),  that  are  designed  to 
produce  atomic-scale  structures. 

We  carried  out  experimental  investigations  of  the  reactions  of  XeF2  [1-2],  CI2  [6-8,  10],  and  I2  [3-5, 
11]  with  particular  HI-V  semiconductor  surfaces.  The  research  made  use  of  the  tools  of  surface 
science  to  investigate  fundamental  aspects  of  a  “real”  technological  problem.  We  used 
synchrotron-based  soft  x-ray  photoelectron  spectroscopy  (SXPS,  collected  at  the  National 
Synchrotron  Light  Source  at  Brookhaven  National  Laboratory),  low  energy  electron  diffraction 
(LEED)  and  scanning  tunneling  microscopy  (STM)  to  measure  the  surface  products  formed  by 
reaction  under  well-controlled  conditions.  During  this  time,  we  also  wrote  a  review  article  [9]  that 
reported  on  the  current  state  of  the  field.  We  showed  how  many  techniques  can  be  used  together  to 
solve  such  surface  chemical  problems.  From  these  many  results,  an  atomic-level  understanding  of 
halogen/ffl-V  semiconductor  reactions  is  emerging. 

B.  SUMMARY  OF  THE  MOST  IMPORTANT  RESULTS 

Fluorine  is  not  normally  used  as  an  etchant  for  III-V  materials,  due  to  the  involatility  of  group  III 
metal  fluorides.  The  reaction  does  have  microelectronics  applications,  however,  as  it  can  be  used  to 
grow  films  of  group  III  fluorides  for  use  as  dielectric  materials.  The  room  temperature  reaction  of 
XeF2  with  GaAs  produces  films  of  solid  GaF3,  which  is  a  10  eV  bandgap  insulator,  while  the 
excess  As  is  removed  from  the  surface.  We  investigated  the  evolution  of  the 
insulator/semiconductor  interface  with  film  growth  [1]  and  the  effects  of  surface  temperature  on  the 
reaction  [2],  It  was  found  that  the  interface  region  between  the  GaF3  film  and  the  substrate  consists 
of  GaF,  AsF  and  tri-coordinate  Ga  and  As  atoms.  Group  III  and  V  elements  are  stable  in  tri¬ 
coordinate  configurations,  which  form  as  bonds  break  in  the  near-surface  region.  The  size  and 
composition  of  the  interface  region  is  independent  of  the  film  thickness.  Measurements  of  samples 
that  were  reacted  with  XeF2  at  -600  K,  which  is  above  the  decomposition  temperature  of  GaF3, 
showed  that  Ga  and  As  are  removed  stoichiometrically,  while  a  thin  film  (-1  atomic  layer)  of 
elemental  As  remains  on  the  surface  [2].  These  results  indicate  that  the  interaction  of  fluorine  with 
GaAs  is  a  frustrated  etching  reaction,  which  is  a  consequence  of  the  low  volatility  of  Ga  fluorides. 

Chlorine  is  the  halogen  most  widely  used  in  device  manufacture.  CI2  adsorbs  dissociatively  on  III- 
V  semiconductor  surfaces,  and  can  spontaneously  etch  the  substrate  under  certain  conditions.  For 
reaction  with  GaAs,  we  investigated  the  effects  of  the  initial  surface  structure  [7],  substrate 
temperature  [6],  and  exposure  level  [8].  The  adsorption  pathway  is  dependent  on  the  clean  surface 
reconstruction  and  condition  [7].  Ga-rich  surfaces  are  initially  more  reactive  than  As-rich  surfaces. 
The  initial  adsorption  kinetics  are  described  by  the  Elovich  equation,  i.e.,  the  sticking  coefficient  for 
CI2  decays  exponentially  with  the  amount  of  adsorbed  Cl. 

Although  GaAs  surfaces  appear  to  passivate  after  the  initial  exposures  to  CI2  at  room  temperature, 
they  begin  to  etch  after  larger  exposures.  In  the  early  stages  of  etching,  Ga  is  preferentially 


removed  from  the  surface.  The  etching  reaction  ultimately  produces  volatile  ASCI3  and  GaCl3, 
which  form  through  the  stepwise  addition  of  Cl.  After  sufficient  CI2  exposure  to  attain  steady-state 
etching,  the  surfaces  are  terminated  by  -AsCl-GaCl2  “tree”-like  structures.  The  surfaces  are  very 
rough  and  contain  buried  tri-coordinate  atoms,  in  a  similar  manner  as  the  interfaces  produced  by 
fluorine  reaction.  Such  “tree”  structures,  and  the  associated  disorder,  are  likely  to  be  involved  in 
CI2  reactions  with  other  HI-V  surfaces,  as  well.  The  addition  of  the  final  Cl  atom  in  forming 
gaseous  GaCl3  was  identified  as  the  rate-limiting  step  in  the  overall  etching  reaction. 

There  is  a  correspondence  between  the  gas  phase  and  surface  products  formed  at  different 
temperatures,  which  allows  for  the  microscopic  reaction  mechanism  to  be  modeled.  At  low 
temperatures,  the  gaseous  products  are  the  tri-chlorides  and  the  surface  products  are  the 
intermediate  mono-  and  di-chlorides.  At  higher  temperatures,  the  gaseous  products  are  GaCl  and 
As  dimers  and  tetramers.  Accordingly,  we  found  that  at  temperatures  between  500  and  600  K,  the 
surfaces  are  etched  by  CI2  and  the  resultant  surface  layer  is  composed  of  elemental  As  and  contains 
no  chlorine  [6],  similar  to  the  high  temperature  fluorine  reaction.  For  reaction  at  temperatures 
above  600  K,  stoichiometric  etching  is  observed,  which  produces  clean  GaAs  surfaces  with  a  very 
high  degree  of  crystallinity.  Reaction  with  CI2  at  elevated  temperature  therefore  provides  a  new 
method  whereby  clean,  well-characterized  and  well-ordered  GaAs  surfaces  can  be  reproducibly 
prepared  without  the  need  for  complex  procedures,  such  as  molecular  beam  epitaxy  (MBE). 

For  the  reaction  of  CI2  with  InAs(001),  we  compared  adsorption  on  the  In-terminated  c(8x2) 
surface  to  that  of  the  As-terminated  c(2x8)  structure  [10].  Although  the  largest  reaction  occurs 
with  the  element  that  terminates  the  surface,  CI2  does  in  fact  react  with  both  elements.  From  this, 
we  conclude  that  the  reaction  is  very  similar  to  that  of  Cb  with  GaAs,  in  that  (1)  substrate  bonds  are 
broken,  i.e.,  etching  can  occur  at  room  temperature,  and  (2)  the  details  of  the  reaction  depend  on  the 
initial  surface  stoichiometry. 

Iodine  can  also  etch  DI-V  semiconductors,  and  has  been  proposed  for  use  as  a  more  “gentle” 
etchant  than  chlorine.  We  investigated  the  reaction  of  I2  with  GaAs,  InAs  and  InSb  (001)  surfaces. 
For  low  exposures  at  room  temperature,  I2  forms  very  highly  ordered  lxl  structures  [3-5].  We 
investigated  the  dispersion  of  the  surface  electronic  states  of  these  structures  [5],  the  chemical 
reactions  of  I2  with  the  substrates  [3],  and  the  order  within  the  iodine  overlayers  [4],  The  ordered 
structures  involve  minimal  disruption  of  the  substrate,  as  iodine  simply  bonds  to  the  outermost 
surface  atoms.  The  lxl  ordered  overlayers  have  a  state  located  at  -4.4  eV  below  the  valence  band 
maximum,  which  shows  a  dispersion  within  a  lxl  surface  Brillouin  zone,  and  passes  through  an 
open  lens  in  the  projected  bulk  density  of  states  [5].  Both  I  4d  SXPS  spectra  and  STM  images 
collected  from  the  ordered  surfaces  show  two  types  of  iodine,  which  may  be  related  to  iodine  bound 
to  broken  and  unbroken  surface  dimer  atoms  [4],  When  the  iodine-covered  surfaces  are  annealed, 
the  group  in  element  is  preferentially  etched,  producing  a  group  V-terminated  surface.  This  result 
thus  suggests  a  means  whereby  a  single  atomic  layer  can  be  removed  via  a  surface  chemical 
reaction.  This  “atomic  layer  etching”  process  can  be  exploited  to  produce  certain  surface 
structures  that  previously  required  the  use  of  MBE. 

It  has  been  observed  that  some  ffl-V  surfaces  spontaneously  etch  upon  adsorption,  while  others 
form  ordered  overlayers.  A  careful  study,  in  which  we  compared  I2  reaction  with  two  different 
InAs(001)  reconstructions,  has  lead  to  a  microscopic  model  of  halogen/III-V  reactions  [11].  The 
utility  of  this  experiment  was  that  a  single  material  could  be  prepared  so  that  it  either  passivated  or 
etched,  depending  on  the  details  of  the  structure.  We  found  that  on  the  In-terminated  c(8x2) 
surface,  a  sharp  lxl  LEED  pattern  formed  following  I2  exposure,  indicating  that  the  surface  was 
highly-ordered.  SXPS  indicated  that  all  of  the  iodine  was  singly  coordinated  to  surface  In  atoms, 
i.e.,  none  was  bonded  to  As.  On  the  As-terminated  c(2x8)  surface,  on  the  other  hand,  the  surface 
became  highly  disordered  by  the  reaction,  and  iodine  was  bonded  to  both  In  and  As. 
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The  microscopic  model  that  explains  these  observations  is  based  on  the  assumption  that  iodine  will 
preferentially  react  with  surface  group  III  (i.e.,  In)  atoms,  as  opposed  to  group  V  elements.  On  the 
well-ordered  clean  surface,  the  group  III  atoms  have  an  empty  orbital  extending  into  the  vacuum, 
while  the  group  V  atoms  have  a  filled  orbital,  i.e.,  a  lone  pair  of  electrons.  There  will  be  some 
repulsion  between  the  lone  pair  of  a  group  V  atom  and  the  valence  electrons  of  the  incoming  I2, 
while  there  will  be  attraction  between  the  unoccupied  orbital  of  a  group  III  atom  and  the  I2 
molecule.  For  the  In-terminated  surface,  reaction  therefore  occurs  with  the  outermost  atoms  and  the 
structure  remains  well-ordered.  On  the  group  V-terminated  surface,  however,  the  reaction  most 
likely  occurs  at  a  group  V  element  located  in  the  second  layer  in  one  of  the  missing  rows.  When  an 
iodine  bond  is  formed  with  a  second  layer  atom,  it  withdraws  charge  from  the  first  layer  group  V 
atom.  This  depletes  the  surface  lone  pair,  thereby  making  the  outermost  group  V  more  reactive  to 
I2.  Thus,  after  sufficient  reaction  to  observe  iodine  bonding  with  SXPS,  I  is  attached  to  both  In  and 
As.  This  scenario  enables  substrate  bonds  to  weaken  and  to  then  break,  which  ultimately  leads  to 
etching.  Thus,  this  microscopic  model  can  explain  why  halogen  reaction  produces  an  ordered 
overlayer  with  some  surfaces,  while  other  surfaces  become  disordered  and  etch. 

In  summary,  an  experimental  program  probing  the  basic  surface  chemical  reactions  of  halogens 
with  ni-V  semiconductor  surfaces  has  been  completed.  Much  has  been  learned  about  the  surface 
chemical  products  formed,  the  kinetics  of  the  reactions,  and  the  structures  of  the  resulting  surfaces. 
In  addition,  we  learned  how  to  exploit  these  reactions  for  the  production  of  novel  surface  structures. 
Finally,  a  microscopic  understanding  of  these  reactions  has  begun  to  form. 
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